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1. Introduction
Vocal learning, a behavior thought to constitute one of the 
components for human speech acquisition, is the ability to 
learn and produce vocalizations through imitation, rather 
than by instinct. Vocal learning is relatively rare: to date 
this behavior has only been found in humans, cetaceans 
(whales and dolphins), some species of bats, and in three 
avian groups: Passeriformes (songbirds), Psittaciformes 
(parrots), and in the family Trochilidae (hummingbirds) 
(reviewed in Kroodsma and Miller 1982; Hauser and 
Konishi 1999; Jarvis 2004; Zeigler and Marler 2004). 
Animal models commonly used in neuroscience research, 
such as non-human primates and rodents, do not appear 
to have vocal learning; they instead are thought to produce 
only innately acquired vocalizations (Jarvis 2004).
The animal models most often used to study the neural 
basis of vocal learning are songbirds. This is due to a 
combination of factors that include, but are not limited to, 
the relatively well understood anatomical and functional 
organization of the brain circuits that underlie vocal 
learning, their superb vocal learning abilities, a well defi ned 
window for the development of this behavior, ease of use, 
and availability.
The acquisition of learned vocal communication 
signals in songbirds appears to involve two critical stages: 
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mate selection, individual recognition and the rare behavior of vocal learning – the ability to learn vocalizations 
through imitation of an adult model, rather than by instinct. Like mammals, songbirds possess a set of interconnected 
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auditory discrimination. We end this review by discussing evidence that suggests that NCM may be a site of auditory 
memory formation and/or storage.
[Pinaud R and Terleph T A 2008 A songbird forebrain area potentially involved in auditory discrimination and memory formation; J. Biosci. 
33 145–155]
http://www.ias.ac.in/jbiosci J. Biosci. 33(1), March 2008, 145–155, © Indian Academy of Sciences   145
Keywords. Auditory learning; auditory processing; HVC; NCM; nidopallium; vocal learning
Abbreviations used: AFP, Anterior forebrain pathway; BOS, bird’s own song; CMM, caudomedial mesopallium; DLM, dorsolateral thalamic 
nucleus; IEG, immediate early gene; LMAN, lateral magnocellular nucleus of the anterior nidopallium; NCM, caudomedial nidopallium; 
PFP, posterior forebrain pathway; RA, robust nucleus of the intercollicular complex; ZENK, zif268, egr-1, NGFI-A, Krox24 
Raphael Pinaud and Thomas A Terleph146
J. Biosci. 33(1), March 2008
(i) a sensory phase, when birds must listen to and memorize 
the vocalizations of an adult tutor – the memorized tutor 
model vocalizations are known as the "template memory"; 
(ii) a sensorimotor phase, when young birds hear their own 
vocalizations and use the template memory to "calibrate" 
their vocal output through sensorimotor feedback (for 
reviews, see Zeigler and Marler 2004). Much is known 
about the neural basis underlying the sensorimotor phase. 
However, the processes and loci where template memories, 
and other auditory memories, are formed and/or stored 
remain largely unknown. This article reviews evidence
that suggests that an auditory forebrain area residing 
outside of the traditional song-control circuit, namely the 
caudomedial nidopallium (NCM), may play a central role 
in auditory processing related to the formation of auditory 
memories required for auditory discrimination and vocal 
learning.
Understanding the neural basis of vocal learning in 
songbirds may shed light on the mechanisms responsible 
for the acquisition of spoken language in humans, as a 
number of similarities exist in how humans acquire and 
develop speech, and how songbirds learn their songs (Doupe 
and Kuhl 1999). For instance, both humans and songbirds 
must hear a tutor during a sensitive period early in life to 
form auditory memories (i.e. template memories) of how 
vocalizations are "expected" to sound. These auditory 
memory traces are thought to be used as templates against 
which the learning individual matches its own developing 
vocalizations through sensorimotor integration, using 
auditory feedback as an error-correcting mechanism (for 
reviews, see Doupe and Kuhl 1999; Zeigler and Marler 2004). 
Thus, after tutor exposure, vocal learners engage in vocal 
practice that requires auditory feedback to appropriately 
develop their learned vocalizations (Konishi 1985; Marler 
1991; Okanoya and Yamaguchi 1997; Funabiki and Konishi 
2003). Intact auditory processing, and seemingly the 
formation of auditory memories are, therefore, required 
for the normal development of vocal learning behavior. For 
example, deafening and other forms of interference with 
auditory feedback prevents both song learning in songbirds 
and normal speech acquisition in humans (Konishi 1965; 
Marler and Waser 1977; Woolley and Rubel 1997; Doupe 
and Kuhl 1999; Woolley 2004; Zeigler and Marler 2004). 
Intact hearing is also needed for the maintenance of learned 
adult songs. Impairment of auditory feedback in adult 
songbirds leads to a gradual deterioration of learned song 
structure (Nordeen and Nordeen 1992; Woolley and Rubel 
1997; Leonardo and Konishi 1999). Interestingly, this is also 
the case in humans: adults that become deaf after learning 
to speak also experience a steady decline in the structural 
features of speech (Cowie et al 1982; Cowie and Douglas-
Cowie 1983, 1992; Waldstein 1990). Given that auditory 
processing is not only required for vocal learning, but also 
for the maintenance of learned communication signals, a 
signifi cant effort in the fi eld has been directed at uncovering 
the anatomical and functional organization of circuits that 
underlie auditory processing and thus enable the formation 
of auditory memories.
2. The song-control system
The learning and production of birdsong is under the control 
of a system of brain structures known as the song-control 
system (Nottebohm and Arnold 1976; Nottebohm et al. 
1982; Bottjer et al 1989. 2000; Vicario 1991; Vates and 
Nottebohm 1995; Wild 2004; Zeigler and Marler 2004). 
This system is generally divided into two pathways: A motor 
pathway (also known as the posterior forebrain pathway; 
PFP) that controls production of song through projections 
that originate from telencephalic brain areas and target 
brainstem centers associated with vocal and respiratory 
function (Nottebohm and Arnold 1976; Vicario 1991; Wild 
1997), and an anterior forebrain pathway (AFP) that is 
associated with the learning and maintenance of the bird’s 
own song (Bottjer et al 1984; Sohrabji et al 1990; Scharff 
and Nottebohm 1991; Brainard and Doupe 2000; Brainard, 
2004 Wild, 2004) (fi gure 1). The PFP encompasses 
successive projections from the nidopallial nucleus HVC (a 
letter-based name), to the robust nucleus of the arcopallium 
(RA), and the descending projections of the latter onto the 
dorsomedial nucleus of the intercollicular complex (DM), 
the tracheosyringeal component of the hypoglossal nerve 
nucleus (nXIIts), which innervates muscles of the vocal 
organ (syrinx), and medullary respiratory centers. The AFP 
encompasses a set of topographically organized projections 
from area X of the medial striatum to the medial part of the 
dorsolateral thalamic nucleus (DLM), from DLM to the 
lateral magnocellular nucleus of the anterior nidopallium 
(LMAN), and from the latter back to area X (Bottjer et al 
1989; Johnson et al 1995; Vates et al 1996; Luo and Perkel 
1999a; Luo et al 2001). This projection system is thought to 
be analogous to basal ganglia-thalamo-cortical loops found 
in the mammalian brain that appear to be involved in the 
acquisition and/or performance of movements requiring 
fi ne sequential sensorimotor integration (reviewed in Parent 
and Hazrati 1995; Bottjer and Johnson 1997; Bottjer 2004; 
Farries 2004; Perkel 2004).
Given that the song-control system plays a critical role in 
vocal learning in songbirds, it has been generally believed 
that auditory processing, discrimination and the formation 
of auditory memories required for vocal learning are 
performed by this set of brain structures. Indeed, song-driven 
electrophysiological responses have been reported in all of the 
nuclei of the song-control system (Williams and Nottebohm 
1985; Doupe 1993; Margoliash 1997). These responses show 
selectivity to the bird’s own song (BOS) (Margoliash 1983; 
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Williams and Nottebohm 1985; Doupe and Konishi 1991; 
Vicario and Yohay 1993), and such selectivity emerges during 
a sensitive period for vocal learning, usually early in life 
(Solis and Doupe 1997, 1999, 2000; Theunissen et al 2004). 
Importantly, however, these vigorous song-evoked responses 
are generally only observed when birds are under anesthesia 
or asleep, and are signifi cantly less robust or absent in the 
awake animal (Dave et al 1998; Schmidt and Konishi 1998; 
Dave and Margoliash 2000; Nick and Konishi 2001, 2005). 
At least in song nucleus HVC, song-evoked activity appears 
to be directly modulated, or gated, by specifi c behavioral 
states, such as arousal and attentional processing (Cardin and 
Schmidt 2003; Rauske et al 2003).
Although the likely contributions of the song-control 
system to the auditory processing of songs and the formation 
of auditory memories remains unclear, mounting evidence 
suggests that the central auditory pathways in songbirds 
are crucial for song auditory processing and perception, 
and may also play a role in the memorization of song that 
is required for perceptual discrimination and possibly 
vocal learning (for reviews, see Gentner 2004; Mello et al 
2004; Bolhuis and Gahr 2006). In fact, discriminating and 
memorizing the spectro-temporal properties of songs, which 
is necessary for a number of key behaviors in songbirds 
such as individual recognition and territorial defense, does 
not appear to require an intact song-control system. For 
most songbird species, auditory discrimination occurs in 
both sexes, even though females do not typically produce 
song and have either a largely atrophied, or an entirely 
absent song-control system (Kroodsma and Miller 1996; 
Ratcliffe and Otter 1996). In fact, females choose potential 
breeding partners based on auditory discrimination of songs’ 
acoustic features, suggesting that the contributions of the 
song-control system to auditory discrimination and the 
formation of auditory memories may be limited (Ratcliffe 
and Otter 1996; Gentner and Hulse 2000; Nowicki and 
Searcy 2004). The zebra fi nch (Taeniopygia guttata) is a 
good example to illustrate this point. It is perhaps the most 
commonly used species for song learning studies, yet female 
zebra fi nches never sing and a large neuroanatomical sex 
difference exists in the song-control system (Brenowitz and 
Kroodsma 1996; MacDougall-Shackleton and Ball 1999). 
Both male and female zebra fi nches that are exposed to 
song early in life have been reported to show an equally 
strong infl uence of the tutor's song on adult song preferences 
(Riebel et al 2002). This fi nding suggests that the neural 
basis for song recognition learning is at least partially, if 
not completely, independent of that for song production 
learning. However, the presence of a song-control system 
may still have some infl uence on learning to recognize 
songs and other vocalizations, as behavioral assays have 
shown that some sex differences in discrimination occur 
in zebra fi nches. For instance, females need more trials 
than males in learning certain acoustic discrimination tasks 
(Cynx et al 1990; Cynx and Nottebohm 1992). Furthermore, 
female responses to conspecifi c (same species) calls appear 
to be infl uenced by stimulus duration and not spectral 
content (Vicario et al 2002). Conversely, only males show a 
categorical preference for female calls, with responses that 
are based upon both temporal and spectral characteristics of 
a call stimulus (Vicario et al 2002). It is not clear, however, 
to what degree these reported sex differences in responses to 
vocalizations refl ect differences in perceptual processing of 
auditory signals, behavioural motivation, or other unknown 
variables. Sex differences in sensory processing might 
be related to differences in the song-control circuitry, but 
may also refl ect a neural dimorphism elsewhere. Whatever 
the case may be, it is clear that females, the consumers of 
song in the context of mate selection, are able to process, 
discriminate and memorize biologically important learned 
social communication signals, suggesting that an intact 
Figure 1. Schematic representation of a parasagittal section 
through a zebra fi nch brain detailing the connectivity of the main 
stations of song-control system. For clarity, only the main nuclei 
and projections are shown in this diagram. Projection systems 
participating in the PFP are indicated by black arrows, while 
projections that compose the AFP are detailed by white arrows. 
The illustration of the syrinx in this fi gure was adapted from Goller 
and Suthers (1996), while the remainder of the fi gure was partly 
assembled by Erich Jarvis. Anatomical abbreviations not mentioned 
above or in text: DM, dorsal medial mesencephalic nucleus; E, 
entopallium; H, hyperpalium; Hp, hippocampus; M, mesopallium; 
MLd, dorsal lateral mesencephalic nucleus; N, nidopallium; NIf, 
interface nucleus; Ov, ovoidalis; St, striatum; v, ventricle.
song-control system is not required for these behaviours.
 3. Auditory telencephalic circuitry
These facts have encouraged researchers to look at brain 
regions outside of the traditional song-control system that 
may serve as neural substrates for song perceptual processing, 
recognition and memorization. Songbirds have a set of 
ascending and descending projections that are analogous to 
the mammalian auditory system. Much fruitful work has been 
done in studies of the ascending auditory pathway, especially 
at the level of the telencephalon. As with mammals, the 
songbird ascending pathway conveys auditory information 
from the cochlea to telencephalic centers via a chain of 
pontine, mesencephalic and thalamic nuclei (Karten 1967, 
1968; Kelley and Nottebohm 1979; Brauth et al 1987; Vates 
et al 1996; Mello et al 1998) (fi gure 2). In the telencephalon, 
several auditory areas are located within the caudomedial 
region, and the pallial areas make up an interconnected 
circuit that is analogous, and possibly homologous, to the 
mammalian auditory cortex. The caudomedial telencephalon 
contains the thalamo-recipient fi eld L2, which is comparable 
to the thalamo-recipient layer IV of the mammalian primary 
auditory cortex, and two of its targets, the NCM (former 
caudomedial neostriatum) and the caudomedial mesopallium 
(CMM; former caudomedial hyperstriatum ventrale). NCM is 
thought to be comparable, based on anatomical connectivity 
studies, to the supragranular cortical layers of the mammalian 
primary auditory cortex (Karten 1967, 1968; Kelley and 
Nottebohm 1979; Brauth et al 1987; Vates et al 1996; Mello 
et al 1998) (fi gure 2). From fi eld L2 and its targets, auditory 
input reaches other telencephalic areas, including those
that contribute to descending auditory projections, such
as the shelf region underneath song nucleus HVC and
the cup area anterior to song nucleus RA (Mello et al
1998). One or more of these central auditory pathways are 
likely to be involved in the song memorization required for 
perceptual discrimination and song learning (for reviews, see 
Gentner 2004; Mello et al 2004; Bolhuis and Gahr 2006; 
see also Terpstra et al 2004; Terpstra et al 2006; Gobes and 
Bolhuis 2007). Possible candidates include NCM and CMM, 
given that these regions exhibit the highest neuronal activation, 
as revealed by immediate early gene (IEG) expression, as a 
result of hearing songs in the awake, behaving songbird (in 
both males and females), relative to other acoustic stimuli 
(detailed below). In this review we focus primarily on NCM, 
an auditory forebrain area that exhibits functional features 
analogous to the mammalian auditory association cortex, 
as a potential site involved in the perceptual processing 
and formation of auditory memories required for auditory 
discrimination and possibly vocal learning.
4. The songbird NCM: Possible involvement in 
auditory discrimination and memory formation
The fi eld’s current understanding of the anatomical and 
functional organization of the auditory stations in the 
songbird brain has been signifi cantly advanced by the use 
of activity-dependent markers, especially the expression 
of IEGs. Members of this class of genes are expressed 
rapidly and robustly as a result of many types of cellular 
stimulation, including neuronal activation (for reviews, 
see Herdegen and Leah 1998; Kaczmarek and Robertson 
2002; Pinaud and Tremere 2006). The activity-dependent 
IEG zenk (an acronym for the names of this gene in 
other species: zif268, egr-1, NGFI-A and krox-24) is the 
most commonly used IEG in avian studies. It encodes a 
transcriptional regulator (zif268, egr-1, NGF1A, Krox24, 
ZENK) that is extremely sensitive to neuronal depolarization 
and has been repeatedly implicated in paradigms of neuronal 
plasticity (Kaczmarek and Robertson 2002; Mello et al 2004; 
Pinaud 2004; Pinaud and Tremere 2006). The expression 
of zenk has proved very useful to map global patterns of 
neuronal activation that occur in response to a variety of 
experimental paradigms in the songbird fi eld, including 
hearing, singing and song-learning (for reviews, see Mello 
2002a; Zeigler and Marler 2004; Bolhuis and Gahr 2006; 
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Figure 2. Schematic diagram of a parasagittal section through 
a zebra fi nch brain illustrating the main stations of the ascending 
auditory pathway. For clarity, only the main nuclei and projections 
are shown in this diagram. The focus of the present study, NCM, 
receives input from the thalamo-recipient layer Field L2, and 
has reciprocal connectivity with the caudal mesopallium (CM). 
This fi gure was partly assembled by Erich Jarvis. Anatomical 
abbreviations not mentioned above or in text: CN, cochlear nuclei; 
LL, lateral lemniscal nuclei; SO, superior olive.
Mello and Pinaud 2006). Song playback triggers a rapid 
and robust induction of zenk in multiple structures of the 
songbird auditory telencephalon, including CMM, NCM, 
the thalamo-recipient fi eld L (subfi elds L1 and L3, but not 
L2) and the cup and shelf regions that are adjacent to song-
control nuclei RA and HVC, respectively (Mello et al 1992, 
1998; Mello and Clayton 1994; Mello 2002b). Importantly, 
the highest expression of zenk in response to auditory
input anywhere in the songbird brain is in NCM (Mello
et al 1992, 2004), while hearing songs does not drive
zenk expression in the song-control nuclei (reviewed in 
Mello 2002b; Mello et al 2004) (fi gure 3). These fi ndings 
show that auditory input in freely-behaving animals drives 
signifi cant activity-dependent gene expression in multiple 
stations of the auditory telencephalon, especially in NCM, 
but signifi cantly less, if any, in all stations of the song-control 
system.
Subsequent electrophysiological fi ndings supported 
and expanded upon the zenk expression data. Stimulation 
of awake songbirds with a variety of auditory stimuli 
(detailed below) drives vigorous multi-unit responses in 
NCM (Chew et al 1995, 1996; Stripling et al 1997, 2001; 
Terleph et al 2006 2007). NCM responses to stimuli usually 
consist of bursts of action potentials associated with onset, 
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Figure 3. Induction of zenk mRNA and protein levels in the songbird forebrain following exposure to song. (A) In-situ hybridization 
autoradiogram of a section of an adult male zebra fi nch exposed to 45 minutes of playbacks of conspecifi c songs. (B) Unstimulated control. 
These sections correspond to parasagittal plane 250 µm lateral to the medial surface of the brain. (C) ZENK expression, revealed by 
immunocytochemistry, in the caudomedial telencephalon. Notice the presence of numerous ZENK-labeled cell nuclei after song stimulation 
in the zebra fi nch caudomedial nidopallium (NCM). (D) Unstimulated control. (E) Map of ZENK expression in the NCM of a canary 
resulting from presentation of a playback of conspecifi c songs. (F) Unstimulated control. Colors and brightness correspond to relative 
density and intensity of labeling of ZENK positive cells. Anatomical abbreviations not mentioned above or in text: Hp, hippocampus; T, 
telencephalon. Adapted from Mello et al (1992), Mello and Ribeiro (1998), Ribeiro et al (1998) and Mello and Pinaud (2006).
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and sometimes offset, of each song syllable, followed 
by sustained fi ring that may bridge the intervals between 
syllables (Terleph et al 2006, 2007).
Interestingly, these auditory-evoked responses in NCM 
are more selective towards complex stimuli (Müller 
and Leppelsack 1985) and have longer latency than 
hierarchically earlier auditory stations, such as fi eld L (Sen 
et al 2001). Recent fi ndings indicate that, not surprisingly 
for a structure in the ascending auditory pathway, NCM has 
a tonotopic organization. Electrophysiological responses to 
low and high frequencies are observed dorsally and ventrally, 
respectively, in both canaries and zebra fi nches (Terleph et 
al 2006, 2007). ZENK expression experiments have also 
revealed a tonotopic organization in the canary NCM: 
neuronal ensemble activity follows a frequency-dependent 
organization with low frequency whistles (canary song 
syllables) activating clusters of cells dorsally in NCM, while 
stimulation of animals with whistles of higher frequencies 
activates neurons that are located more ventrally (Ribeiro et 
al., 1998). Thus, fi ndings obtained with ZENK expression 
are consistent with those obtained with electrophysiological 
approaches (Terleph et al 2006, 2007).
5. Song-specifi c habituation may serve as a neural 
basis for auditory discrimination
Perhaps one of the most interesting features of NCM 
neurons is that their electrophysiological responses undergo 
a marked decrease (or "habituation") as a result of repeated 
presentations of the same stimulus in both zebra fi nches 
(Chew et al 1995) and canaries (Terleph et al 2006) (fi gures 
4 and 5). Habituation to repeated song presentation is rapid, 
occurring in a time-scale of seconds, and is song-specifi c, 
as presentation of novel auditory stimuli re-instate vigorous 
electrophysiological responses (Chew et al 1995) (fi gure 
4). Song-specifi c habituated responses in NCM are long-
lasting and exhibit conspecifi c song selectivity; habituated 
responses last far longer (>40 h) for conspecifi c song stimuli 
than for heterospecifi c songs (~5 h) (Chew et al 1995, 
1996) (fi gure 5). Moreover, the long-lasting maintenance 
of habituated responses depends on protein synthesis, as the 
phenomenon is blocked by either RNA or protein synthesis 
inhibitors (Chew et al 1995).
Interestingly, a marked decrease in the expression levels 
of the activity-dependent gene zenk have also been reported 
after repeated presentations of a given song (Mello et al 
1995), a response that is similar to the electrophysiological 
habituation described above. Likewise, zenk expression 
levels remain strong in response to novel songs (Mello 
et al 1995). Although a causal relationship between zenk 
expression and the long-term maintenance of habituated 
electrophysiological responses has not been established, 
these fi ndings suggest that NCM neurons are able to keep 
Figure 4. Electrophysiological recordings (multi-unit activity) 
obtained from NCM in response to the sequential presentation of 
four different conspecifi c songs. Note that repeated presentations 
of the same song lead to a rapid and signifi cant decrease in the 
responsiveness of NCM units for each of the songs (inter-song 
interval 11-12 s). Once responses are habituated to a given 
song and re-tested later (grey dotted lines, dark bars on x axis), 
electrophysiological activity remains decreased in a song-specifi c 
manner even after training with the other songs. Adapted, with 
author’s permission, from Chew et al (1995); PNAS 92: 3406-
3410. Copyright © 1995 by The National Academy of Sciences of 
the United States of America, all rights reserved.
Figure 5. Habituation of NCM responses are long-lasting, 
especially for conspecifi c songs. Plotted are habituation rates (+ SE) 
for conspecifi c (), heterospecifi c songs () and human speech 
(▲) at various delays from training to testing. The histograms 
show the percentage frequency distributions of habituation rates 
for novel songs (open bars) and familiar songs tested after ≤ 10 
h (solid bars). The small area of overlap of these distributions is 
represented by shaded bars. The dashed horizontal lines indicate 
the mean habituation rates for novel (upper line) and familiar 
(lower line) songs. Adapted, with author’s permission, from Chew 
et al (1995); PNAS 92: 3406-3410. Copyright © 1995 by The 
National Academy of Sciences of the United States of America, all 
rights reserved.
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cellular memory traces of songs that they have been exposed 
to (as habituated responses persist for long periods of time), 
and are able to discriminate across songs (as habituated 
responses can be immediately reinstated upon presentation 
of a novel song).
6. NCM activity is selective to conspecifi c auditory 
stimuli and likely modulated by behavioral salience
Previous electrophysiological studies have also demonstrated 
that NCM neurons respond preferentially (more vigorously) 
to conspecifi c songs, as compared to heterospecifi c songs 
or artifi cial stimuli, such as pure tones (Chew et al 1996; 
Stripling et al 2001), although at least one study did not fi nd 
such a preference (Stripling et al 1997). Importantly, unlike 
in areas of the song-control system, these preferential song-
evoked responses occur in awake animals. The selectivity 
of NCM neurons to conspecifi c songs has also been 
documented on the basis of zenk expression. Stimulation of 
songbirds (either zebra fi nches or canaries) with playback 
of conspecifi c songs triggers signifi cantly higher zenk 
expression levels in NCM as compared to stimulation 
with heterospecifi c songs or pure tones (Mello et al 1992). 
This evidence that NCM neurons are tuned to conspecifi c 
acoustic stimuli suggests that this auditory area may play a 
role in auditory discrimination. Direct data to support this 
hypothesis, however, remains to be found.
In addition to a species-specifi c preference, ZENK 
activity in NCM may depend upon the social relevance 
of songs. For example, NCM activity in white-crowned 
sparrows (Zonotrichia leucophrys oriantha), as revealed 
by ZENK expression, is proportional to a bird’s behavioral 
preference for a stimulus. Greater numbers of ZENK-
positive cells are detected in response to the song of one’s 
hatch-dialect, relative to a foreign dialect song (Maney et al 
2003). Similarly, the expression of a behavior that is a part 
of copulation solicitation display (wing quivering) correlates 
positively with this increased ZENK response to song in 
NCM (Maney et al 2003). Furthermore, ZENK induction is 
greater in the NCM of female European starlings (Sturnus 
vulgaris) in response to long conspecifi c song bouts, which 
are thought to be more attractive than short song bouts 
(Gentner et al 2001).
These ZENK expression fi ndings suggest that NCM 
does not likely respond in a simple way to broad categories 
of acoustic stimuli, but may also be infl uenced by sounds 
that vary subtly in their behavioural relevance (beyond a 
mere species preference), a central factor in the gating and 
facilitation of memory formation. However, the relevance 
of a song for a receiver is not necessarily restricted to the 
signal’s social context. For instance, it has been reported that 
re-introduction of a "familiar" (habituated) song in a new 
context (from the opposite side of the cage, at a reduced sound 
level, or paired with colored lights) leads to a re-induction of 
ZENK expression to that song (Kruse et al 2004). Moreover, 
it has been shown that previous pairing of a song with shock 
results in an increase in the ZENK response to that song 
when presented alone (Jarvis et al 1995). Together, these 
studies suggest that activity in NCM is not only tuned to 
behaviorally meaningful vocal communication signals, 
but may also be infl uenced by many factors other than the 
auditory input alone. NCM may, therefore, be involved in 
the integration of behaviorally-relevant sensory information 
to enhance the salience of acoustic stimuli.
7. NCM as a key site for the formation of 
auditory memories?
As described above, the sensory phase of vocal learning 
behavior involves the memorization of a tutor song (the 
"template memory") that may be used as a reference in the 
calibration of the developing bird’s own song. A signifi cant 
effort in the fi eld has been to uncover where the auditory 
memory associated with the tutor song is formed and/or 
stored in the songbird brain. Given that the song system is 
Figure 6. Graph sets illustrating the correlation between the 
number of neurons immunoreactive for the IEGs zenk (top) and c-
fos (bottom) in NCM and the strength of song learning in individual 
zebra fi nches that were tutored and re-exposed to the tutor song 
(red). In control animals, that were tutored but not re-exposed to 
the tutor song, the correlation is not signifi cant. Adapted, with 
author’s permission, from Bolhuis et al (2000); PNAS 97: 2282-
2285. Copyright © 2000 by The National Academy of Sciences of 
the United States of America, all rights reserved.
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clearly involved in the vocal learning process, it is generally 
thought that the neural substrate of these auditory memories 
is embedded in the song-control system and that auditory 
information (from feedback of hearing one’s-self) must 
reach the song-control system for correction of the vocal 
output. However, as indicated above, auditory-evoked 
responses are primarily seen under anesthesia and are
weak or mostly absent in awake songbirds (Dave et al
1998; Schmidt and Konishi 1998; Dave and Margoliash 
2000; but see Cardin and Schmidt 2003; Rauske et al 
2003).
Recent electrophysiological fi ndings suggest that NCM 
neurons of adult male zebra fi nches are selectively tuned to 
the song of a tutor heard early in life, and that the strength of 
this selectivity correlates with the fi delity of vocal imitation 
(Phan et al, 2006). Similarly, Bolhuis and colleagues found 
a strong and positive correlation between the strength of 
song learning (the number of elements that males copy 
from a tutor’s song) and the number of neurons that were 
immunoreactive to the proteins encoded by the activity-
dependent IEGs zenk and c-fos in NCM, also suggesting 
that NCM’s activity is higher when song memories are 
presumably stronger or more established (Bolhuis et al 2000, 
2001) (fi gure 6). These fi ndings also suggest that NCM may 
be part of the neural substrate for representing the tutor 
song memory trace. The thalamo-recipient fi eld L2, which 
projects to NCM, also exhibits vigorous electrophysiological 
responses to sounds and shows a tonotopic gradient, but 
lacks the selectivity to complex sounds and habituation 
to repeated song stimulation found in NCM (Muller and 
Leppelsack 1985; Terleph et al 2006). This suggests that the 
response properties described above likely arise from within 
NCM circuitry and not from earlier stations in the ascending 
auditory pathway.
A recent study provided further evidence that tutor-song 
memories may be represented within NCM. It was found 
that restricted bilateral neurotoxic lesions of NCM in adult 
male zebra fi nches impaired tutor-song recognition, but 
did not affect song production (Gobes and Bolhuis 2007). 
Furthermore, this lesion-induced decrease in tutor-song 
preference did not appear to be related to an impact in 
behavioural motivation or a reduced ability to discriminate 
auditory information, as lesioned animals retained the 
capacity to discriminate calls (Gobes and Bolhuis 2007). 
These fi ndings suggest that NCM circuitry, or processing 
at the level of this auditory area, may be necessary for the 
representation of tutor-song memories.
Based on the data discussed above, NCM is a likely 
candidate site for song-memory formation. Little evidence 
exists for a signifi cant sexual dimorphism in the anatomical 
and functional organization in the NCM of developing and 
adult songbirds, and the dimorphisms described to date 
are far less pronounced than those observed in the highly 
sexually-dimorphic song-control system (Bailey and Wade 
2003, 2005; Pinaud et al 2006; but see Terpstra et al 2004, 
2006). If this hypothesis proves to be correct, the similarities 
between the male and female NCM may explain why song 
discrimination, which requires the formation of auditory 
memories, is possible for either sex. Both males and females 
also show robust electrophysiological and IEG responses 
to conspecifi c songs in NCM and, under normal housing 
conditions, the frequency tuning width of responses to tone 
stimuli does not show a sex difference in NCM for either 
zebra fi nches or canaries (Terleph et al 2007).
8. Concluding remarks
The body of data described above shows that song stimulation 
triggers vigorous activity in NCM; this activity is selective 
to conspecifi c auditory stimuli and results in long-lasting, 
experience-dependent plasticity that may promote memory 
formation required for key behaviours in songbirds including 
vocal learning for males, preference learning for females, and 
auditory discrimination. These long-lasting modifi cations 
presumably involve the engagement of molecular cascades 
that are associated with electrophysiological activity, and 
underlie experience-dependent anatomical and functional 
changes in NCM circuitry (Clayton 2000; Mello et al 2004; 
Mello and Pinaud 2006). A few molecules that participate 
in this cascade are currently known and involve four 
transcription factors (Mello et al 1992; Nastiuk et al 1994; 
Velho et al 2005) and two signalling molecules (Cheng 
and Clayton 2004; Huesmann and Clayton 2006). Recent 
experiments involving large-scale quantitative proteomics 
screening strategies have uncovered multiple signaling 
pathways that are activated in NCM as a result of auditory 
experience (Pinaud et al 2008). Future studies will be 
directed at fully characterizing the molecular cascades that 
mediate experience-dependent plasticity events in NCM and 
investigating how they are dynamically regulated. Finally, 
efforts will also be focused at establishing the precise roles 
that plasticity-related molecules play in modifying the 
physiology of single cells and neuronal ensembles in NCM 
in the process of generating adaptive neural responses that 
guide behavior.
In summary, NCM does not appear to play a minor role 
in relaying auditory information in the ascending auditory 
pathway, but rather may play a signifi cant role in higher 
order network properties that guide the behaviors that rely 
on auditory information.
References
Bailey DJ and Wade J 2003 Differential expression of the 
immediate early genes FOS and ZENK following auditory 
stimulation in the juvenile male and female zebra fi nch; Brain 
Auditory discrimination and learning in songbirds 153
J. Biosci. 33(1), March 2008
Res. Mol. Brain Res. 116 147–154
Bailey D J and Wade J 2005 FOS and ZENK responses in 45-day-
old zebra fi nches vary with auditory stimulus and brain region, 
but not sex; Behav. Brain Res. 162 108–115
Bolhuis J J and Gahr M 2006 Neural mechanisms of birdsong 
memory; Nat. Rev. Neurosci . 7 347–357
Bolhuis J J, Zijlstra G G, den Boer-Visser A M and Van Der Zee E 
A 2000 Localized neuronal activation in the zebra fi nch brain is 
related to the strength of song learning; Proc. Natl. Acad. Sci. 
USA 97 2282–2285
Bolhuis J J, Hetebrij E, Den Boer-Visser A M, De Groot J H and 
Zijlstra G G 2001 Localized immediate early gene expression 
related to the strength of song learning in socially reared zebra 
fi nches; Eur. J. Neurosci. 13 2165–2170
Bottjer S W 2004 Developmental regulation of basal ganglia 
circuitry during the sensitive period for vocal learning in 
songbirds; Ann. N. Y. Acad Sci. 1016 395–415
Bottjer S Wand Johnson F 1997 Circuits, hormones, and learning: 
vocal behavior in songbirds; J. Neurobiol. 33 602–618
Bottjer S W, Miesner E A and Arnold A P 1984 Forebrain lesions 
disrupt development but not maintenance of song in passerine 
birds; Science 224 901–903
Bottjer S W, Brady J D and Cribbs B 2000 Connections of a motor 
cortical region in zebra fi nches: relation to pathways for vocal 
learning; J. Comp. Neurol. 420 244–260
Bottjer S W, Halsema K A, Brown S A and Miesner E A 1989 
Axonal connections of a forebrain nucleus involved with vocal 
learning in zebra fi nches; J. Comp. Neurol. 279 312–326
Brainard M S 2004 Contributions of the anterior forebrain pathway 
to vocal plasticity; Ann. N. Y. Acad. Sci. 1016 377–394
Brainard M S and Doupe A J 2000 Auditory feedback in learning
and maintenance of vocal behaviour; Nat. Rev. Neurosci. 1 
31–40
Brauth S E, McHale C M, Brasher C A and Dooling R J 1987 
Auditory pathways in the budgerigar. I. Thalamo-telencephalic 
projections; Brain Behav. Evol. 30 174–199
Brenowitz E A and Kroodsma D E 1996 The neuroethology of 
birdsong; in Ecology and evolution of acoustic communication 
in birds (eds) D E Kroodsma and E H Miller (Ithaca, NY: 
Cornell University Press) pp 285–304
Cardin J A and Schmidt M F 2003 Song system auditory responses 
are stable and highly tuned during sedation, rapidly modulated 
and unselective during wakefulness, and suppressed by arousal; 
J. Neurophysiol. 90 2884–2899
Cheng H Y and Clayton D F 2004 Activation and habituation of 
extracellular signal-regulated kinase phosphorylation in zebra 
fi nch auditory forebrain during song presentation; J. Neurosci. 
24 7503–7513
Chew S J, Vicario D S and Nottebohm F 1996 A large-capacity 
memory system that recognizes the calls and songs of individual 
birds; Proc. Natl. Acad. Sci. USA 93 1950–1955
Chew S J, Mello C, Nottebohm F, Jarvis E and Vicario D S 1995 
Decrements in auditory responses to a repeated conspecifi c
song are long-lasting and require two periods of protein synthesis 
in the songbird forebrain; Proc. Natl. Acad. Sci. USA 92 3406–
3410
Clayton D F 2000 The genomic action potential; Neurobiol. Learn 
Mem .74 185–216
Cowie R and Douglas-Cowie E 1983 Speech production in 
profound postlingual deafness; in Hearing science and hearing 
disorders (eds) M E Lutman and M P Haggard (New York: 
Academic Press) pp 183–230
Cowie R and Douglas-Cowie E 1992 Postlingual acquired 
deafness: speech deterioration and the wider consequences 
(Berlin: Mouton de Gruyter)
Cowie R, Douglas-Cowie E and Kerr A 1982 A study of speech 
deterioration in post-lingually deafened adults; J. Laryngol. 
Otol. 96 101–112
Cynx J and Nottebohm F 1992 Role of gender, season, and 
familiarity in discrimination of conspecifi c song by zebra
fi nches (Taeniopygia guttata); Proc. Natl. Acad. Sci. USA 89 
1368–1371
Cynx J, Williams H and Nottebohm F 1990 Timbre discrimination 
in zebra fi nch (Taeniopygia guttata) song syllables; J. Comp. 
Psychol. 104 303–308
Dave A S and Margoliash D 2000 Song replay during sleep and 
computational rules for sensorimotor vocal learning; Science 
290 812–816
Dave A S, Yu AC and Margoliash D 1998 Behavioral state 
modulation of auditory activity in a vocal motor system; Science 
282 2250–2254
Doupe AJ (1993) A neural circuit specialized for vocal learning. 
Curr Opin Neurobiol 3:104–111.
Doupe A J and Konishi M 1991 Song-selective auditory circuits in 
the vocal control system of the zebra fi nch; Proc. Natl. Acad. 
Sci. USA 88 11339–11343
Doupe A J and Kuhl P K 1999 Birdsong and human speech: common 
themes and mechanisms; Annu. Rev. Neurosci. 22 567–631
Farries M A 2004 The avian song system in comparative 
perspective; Ann. N. Y. Acad. Sci. 1016 61–76
Funabiki Y and Konishi M 2003 Long memory in song learning by 
zebra fi nches; J. Neurosci. 23 6928–6935
Gentner T Q 2004 Neural systems for individual song recognition 
in adult birds; Ann. N. Y. Acad. Sci. 1016 282–302
Gentner T Q and Hulse S H 2000 Female European starling 
preference and choice for variation in conspecifi c male song; 
Anim. Behav. 59 443–458
Gentner T Q, Hulse S H, Duffy D and Ball G F 2001 Response 
biases in auditory forebrain regions of female songbirds 
following exposure to sexually relevant variation in male song; 
J. Neurobiol. 46 48–58
Gobes S M and Bolhuis J J 2007 Birdsong memory: a neural 
dissociation between song recognition and production; Curr. 
Biol. 17 789–793
Goller F and Suthers R A 1996 Role of syringeal muscles in gating 
airfl ow and sound production in singing brown thrashers; 
J. Neurophysiol. 75 867–876
Hauser M D and Konishi M 1999 The design of animal 
communication (Cambridge: MIT Press)
Herdegen T and Leah J D 1998 Inducible and constitutive 
transcription factors in the mammalian nervous system: control 
of gene expression by Jun, Fos and Krox, and CREB/ATF 
proteins; Brain Res. Brain Res. Rev. 28 370–490
Huesmann G R and Clayton D F 2006 Dynamic role of postsynaptic 
caspase-3 and BIRC4 in zebra fi nch song-response habituation; 
Neuron 52 1061–1072
Raphael Pinaud and Thomas A Terleph154
J. Biosci. 33(1), March 2008
Jarvis E D 2004 Learned birdsong and the neurobiology of human 
language; Ann. N. Y. Acad. Sci. 1016 749–777
Jarvis E D, Mello C V and Nottebohm F 1995 Associative learning 
and stimulus novelty infl uence the song-induced expression of 
an immediate early gene in the canary forebrain; Learn Mem. 
2 62–80
Kaczmarek L and Robertson H A 2002 Immediate early genes 
and inducible transcription factors in mapping of the central 
nervous system function and dysfunction (Amsterdam: Elsevier 
Science BV)
Karten H J 1967 The organization of the ascending auditory 
pathway in the pigeon (Columba livia). I. Diencephalic 
projections of the inferior colliculus (nucleus mesencephali 
lateralis, pars dorsalis); Brain Res. 6 409–427
Karten H J 1968 The ascending auditory pathway in the pigeon 
(Columba livia). II. Telencephalic projections of the nucleus 
ovoidalis thalami; Brain Res. 11 134–153
Kelley D B and Nottebohm F 1979 Projections of a telencephalic 
auditory nucleus-fi eld L-in the canary; J. Comp. Neurol. 183 
455–469
Konishi M 1965 Effects of deafening on song development in 
American robins and black-headed grosbeaks; Z. Tierpsychol. 
22 584–599
Konishi M 1985 Birdsong: from behavior to neuron; Annu. Rev. 
Neurosci. 8 125–170
Kroodsma D E and Miller E H 1982 Acoustic communication in 
birds (New York: Academic Press)
Kroodsma D E and Miller E H 1996 Ecology and evolution of 
acoustic communication in birds (Ithaca, NY: Cornell University
Press)
Kruse A A, Stripling R and Clayton D F 2004 Context-specifi c 
habituation of the zenk gene response to song in adult zebra 
fi nches; Neurobiol. Learn Mem. 82 99–108
Leonardo A and Konishi M 1999 Decrystallization of adult 
birdsong by perturbation of auditory feedback; Nature (London) 
399 466–470
MacDougall-Shackleton S A and Ball G F 1999 Comparative 
studies of sex differences in the song-control system of 
songbirds; Trends Neurosci. 22 432–436
Maney D L, MacDougall-Shackleton E A, MacDougall-Shackleton 
S A, Ball G F and Hahn T P 2003 Immediate early gene response 
to hearing song correlates with receptive behavior and depends 
on dialect in a female songbird; J. Comp. Physiol. A Neuroethol. 
Sens Neural. Behav. Physiol. 189 667–674
Margoliash D 1983 Acoustic parameters underlying the responses of 
song-specifi c neurons in the white-crowned sparrow; J. Neurosci.
 3 1039–1057
Margoliash D 1997 Functional organization of forebrain pathways 
for song production and perception; J. Neurobiol. 33 671–693
Marler P 1991 Song-learning behavior: the interface with neuro-
ethology; Trends Neurosci. 14 199–206
Marler P and Waser M S 1977 Role of auditory feedback in canary 
song development; J. Comp. Physiol. Psychol. 91 8–16
Mello C, Nottebohm F and Clayton D 1995 Repeated exposure to 
one song leads to a rapid and persistent decline in an immediate 
early gene's response to that song in zebra fi nch telencephalon; 
J. Neurosci. 15 6919–6925
Mello C V 2002a Mapping vocal communication pathways in birds 
with inducible gene expression; J. Comp. Physiol. A Neuroethol. 
Sens Neural. Behav. Physiol. 188 943–959
Mello C V 2002b Immediate early gene (IEG) expression mapping 
of vocal communication areas in the avian brain; in Immediate 
early genes and inducible transcription factors in mapping of 
the central nervous system function and dysfunction (eds) L 
Kaczmarek, H A Robertson (Amsterdam: Elsevier Science BV) 
pp 59–101
Mello C V and Clayton D F 1994 Song-induced ZENK gene 
expression in auditory pathways of songbird brain and
its relation to the song control system; J. Neurosci. 14
6652–6666
Mello C V and Pinaud R 2006 Immediate early gene regulation in the 
auditory system; in Immediate early genes in sensory processing, 
cognitive performance and neurological disorders (eds) R Pinaud 
and L A Tremere (New York: Springer-Verlag) pp 35–56
Mello C V and Ribeiro S 1998 Zenk protein regulation by song in the 
brain of songbirds; J. Comp. Neurol. 393 426–438
Mello C V, Vicario D S and Clayton D F 1992 Song presentation 
induces gene expression in the songbird forebrain; Proc. Natl. 
Acad. Sci. USA 89 6818–6822
Mello C V, Velho T A and Pinaud R 2004 Song-induced gene 
expression: a window on song auditory processing and 
perception; Ann. N. Y. Acad. Sci. 1016 263–281
Mello C V, Vates G E, Okuhata S and Nottebohm F 1998 
Descending auditory pathways in the adult male zebra fi nch 
(Taeniopygia guttata); J. Comp. Neurol. 395 137–160
Müller C M and Leppelsack H J 1985 Feature extraction and 
tonotopic organization in the avian auditory forebrain; Exp. 
Brain Res. 59 587–599
Nastiuk K L, Mello C V, George J M and Clayton D F 1994 
Immediate-early gene responses in the avian song control 
system: cloning and expression analysis of the canary c-jun 
cDNA; Brain Res. Mol. Brain Res. 27 299–309
Nick T A and Konishi M 2001 Dynamic control of auditory activity 
during sleep: correlation between song response and EEG; Proc. 
Natl. Acad. Sci. USA 98 14012–14016
Nick T A and Konishi M 2005 Neural song preference during 
vocal learning in the zebra fi nch depends on age and state; J. 
Neurobiol. 62 231–242
Nordeen K W and Nordeen E J 1992 Auditory feedback is necessary 
for the maintenance of stereotyped song in adult zebra fi nches; 
Behav. Neural. Biol. 57 58–66
Nottebohm F and Arnold A P 1976 Sexual dimorphism in vocal 
control areas of the songbird brain; Science 194 211–213
Nottebohm F, Kelley D B and Paton J A 1982 Connections of vocal 
control nuclei in the canary telencephalon; J. Comp. Neurol. 207 
344–357
Nowicki S and Searcy W A 2004 Song function and the evolution 
of female preferences: why birds sing, why brains matter; Ann. 
N. Y. Acad. Sci. 1016 704–723
Okanoya K and Yamaguchi A 1997 Adult Bengalese fi nches (Lonchura 
striata var. domestica) require real-time auditory feedback to 
produce normal song syntax; J. Neurobiol. 33 343–356
Parent A and Hazrati L N 1995 Functional anatomy of the basal 
ganglia. I. The cortico-basal ganglia-thalamo-cortical loop; 
Brain Res. Brain Res. Rev. 20 91–127
Perkel D J 2004 Origin of the anterior forebrain pathway; Ann. N. 
Auditory discrimination and learning in songbirds 155
J. Biosci. 33(1), March 2008
Y. Acad. Sci. 1016 736–748
Phan M L, Pytte C L and Vicario D S 2006 Early auditory experience 
generates long-lasting memories that may subserve vocal learning 
in songbirds; Proc. Natl. Acad. Sci. USA 103 1088–1093
Pinaud R 2004 Experience-dependent immediate early gene 
expression in the adult central nervous system: evidence from 
enriched-environment studies; Int. J. Neurosci. 114 321–333
Pinaud R and Tremere L A 2006 Immediate early genes in sensory 
processing, cognitive performance and neurological disorders 
(New York: Springer-Verlag)
Pinaud R, Fortes A F, Lovell P and Mello C V 2006 Calbindin-positive 
neurons reveal a sexual dimorphism within the songbird analogue 
of the mammalian auditory cortex; J. Neurobiol. 66 182–195
Pinaud R, Osorio C, Alzate O and Jarvis E D 2008 Profi ling of 
experience-regulated proteins in the songbird auditory forebrain 
using quantitative proteomics; Eur. J. Neurosci. (in press).
Ratcliffe L and Otter K 1996 Sex differences in song recognition; in 
Ecology and evolution of acoustic communication in songbirds 
(eds) D E Kroodsma and E H Miller (Ithaca: Cornell University 
Press) pp 340–355
Rauske P L, Shea S D and Margoliash D 2003 State and neuronal 
class-dependent reconfi guration in the avian song system; 
J. Neurophysiol. 89 1688–1701
Ribeiro S, Cecchi G A, Magnasco M O and Mello C V 1998 
Toward a song code: evidence for a syllabic representation in 
the canary brain; Neuron 21 359–371
Riebel K, Smallegange I M, Terpstra N J and Bolhuis J J 2002 
Sexual equality in zebra fi nch song preference: evidence for a 
dissociation between song recognition and production learning; 
Proc. Biol. Sci. 269 729–733
Scharff C and Nottebohm F 1991 A comparative study of the 
behavioral defi cits following lesions of various parts of the 
zebra fi nch song system: implications for vocal learning;
J. Neurosci. 11 2896–2913
Schmidt M F and Konishi M 1998 Gating of auditory responses in the 
vocal control system of awake songbirds; Nat. Neurosci. 1 513–518
Sen K, Theunissen F E and Doupe A J 2001 Feature analysis 
of natural sounds in the songbird auditory forebrain; 
J. Neurophysiol. 86 1445–1458
Sohrabji F, Nordeen E J and Nordeen K W 1990 Selective impairment 
of song learning following lesions of a forebrain nucleus in the 
juvenile zebra fi nch; Behav. Neural. Biol. 53 51–63
Solis M M and Doupe A J 1997 Anterior forebrain neurons develop 
selectivity by an intermediate stage of birdsong learning; 
J. Neurosci. 17 6447–6462
Solis M M and Doupe A J 1999 Contributions of tutor and bird's 
own song experience to neural selectivity in the songbird 
anterior forebrain; J. Neurosci. 19 4559–4584
Solis M M and Doupe A J 2000 Compromised neural selectivity 
for song in birds with impaired sensorimotor learning; Neuron 
25 109–121
Stripling R, Volman S F and Clayton D F 1997 Response 
modulation in the zebra fi nch neostriatum: relationship to 
nuclear gene regulation; J. Neurosci. 17 3883–3893
Stripling R, Kruse A A, Clayton D F 2001 Development of song 
responses in the zebra fi nch caudomedial neostriatum: role of 
genomic and electrophysiological activities; J. Neurobiol. 48 
163–180
Terleph T A, Mello C V and Vicario D S 2006 Auditory topography 
and temporal response dynamics of canary caudal telencephalon; 
J. Neurobiol. 66 281–292
Terleph T A, Mello C V and Vicario D S 2007 Species differences 
in auditory processing dynamics in songbird auditory 
telencephalon; Dev. Neurobiol. 67 1498–1510
Terpstra N J, Bolhuis J J and den Boer-Visser A M 2004 An analysis 
of the neural representation of birdsong memory; J. Neurosci. 
24 4971–4977
Terpstra N J, Bolhuis J J, Riebel K, van der Burg J M and den Boer-
Visser A M 2006 Localized brain activation specifi c to auditory 
memory in a female songbird; J. Comp. Neurol. 494 784–791
Theunissen F E, Amin N, Shaevitz S S, Woolley S M, Fremouw T 
and Hauber M E 2004 Song selectivity in the song system and in 
the auditory forebrain; Ann. N. Y. Acad. Sci. 1016 222–245
Vates G E and Nottebohm F 1995 Feedback circuitry within a song-
learning pathway; Proc. Natl. Acad. Sci. USA 92 5139–5143
Vates G E, Broome B M, Mello C V and Nottebohm F 1996 
Auditory pathways of caudal telencephalon and their relation to 
the song system of adult male zebra fi nches; J. Comp. Neurol. 
366 613–642
Velho T A, Pinaud R, Rodrigues P V and Mello C V 2005 Co-
induction of activity-dependent genes in songbirds; Eur. J. 
Neurosci. 22 1667–1678
Vicario D S 1991 Neural mechanisms of vocal production in 
songbirds; Curr. Opin. Neurobiol. 1 595–600
Vicario D S and Yohay K H 1993 Song-selective auditory input to a 
forebrain vocal control nucleus in the zebra fi nch; J. Neurobiol. 
24 488–505
Vicario D S, Raksin J N, Naqvi N H, Thande N and Simpson H 
B 2002 The relationship between perception and production 
in songbird vocal imitation: what learned calls can teach us; J. 
Comp. Physiol. A Neuroethol. Sens Neural. Behav. Physiol. 188 
897–908
Waldstein R S 1990 Effects of postlingual deafness on speech 
production: implications for the role of auditory feedback; 
J. Acoust. Soc. Am. 88 2099–2114
Wild J M 1997 Neural pathways for the control of birdsong 
production; J. Neurobiol. 33 653–670
Wild J M 2004 Functional neuroanatomy of the sensorimotor 
control of singing; Ann. N. Y. Acad. Sci. 1016 438–462
Williams H and Nottebohm F 1985 Auditory responses in avian 
vocal motor neurons: a motor theory for song perception in 
birds; Science 229 279–282
Woolley S M 2004 Auditory experience and adult song plasticity; 
Ann. N. Y. Acad. Sci. 1016 208–221
Woolley S M and Rubel E W 1997 Bengalese fi nches Lonchura 
MS received 9 January 2008; accepted 12 February 2008
ePublication: 18 February 2008
Corresponding editor: VIDYANAND NANJUNDIAH

